A compact handset multiple-input multiple-output (MIMO) antenna for long-term evolution (LTE) 700 band (746∼787 MHz) applications is proposed. The proposed antenna consists of two symmetrical PIFAs. Without the usage of any additional coupling elements between closely mounted antennas, a high isolation (>15 dB) and a low enveloped correlation coefficient (ECC < 0.35) are achieved by the optimum location and arrangement of MIMO antenna elements.
Introduction
The long term evolution (LTE) standard has attracted attention as the fourth generation of mobile communications technology to provide better mobile broadband and multimedia services. Multiple-input multiple-output (MIMO) operation of the LTE system has become a prerequisite to enhance data reliability, channel capacity, and network coverage in multipath environments using multiple antennas without additional power [1] . Since more than two neighboring antennas should be designed within the very limited spaces available in the mobile handsets, achieving high isolation and a low enveloped correlation coefficient (ECC) between closely spaced antennas is very important. A number of studies has been conducted on improving isolation by cutting slots or slits in the ground plane [2, 3] and using the ground wall among radiators and a T-shaped short strip [4] . Suspended neutralization line or neutralizing structures have been used for the enhancement of isolation as well [5] [6] [7] [8] [9] . However, applying these techniques to LTE MIMO antennas at 700 MHz has become a serious technical challenge, because the ground plane requires modification, and there is no sufficient space to embed additional elements between closely packed antennas. In this paper, we present a promising design of a handset antenna comprising a main antenna for the GSM850/900 (824∼960 MHz) and DCS/PCS (1.71∼1.99 GHz) bands and an auxiliary antenna covering the LTE 700 (746∼787 MHz) band to perform the MIMO operation. High isolation can be achieved by collinearly arranging the E-field directions of LTE MIMO antennas in the near-field region, because a collinearly arranged antenna has a lower mutual impedance than that of a broadside arranged antenna [10] . Moreover, low ECC is achieved by the pattern diversity technique, with LTE MIMO antennas symmetrically located on the top sides of the ground plane. symmetrically arranged on the top sides of the ground plane.
LTE MIMO Antenna Simulation
The distance between the two PIFAs is 50 mm (≈0.013 0 ). To achieve high isolation and low ECC without any additional coupling structures and cancel out the existing mutual coupling, an optimum antenna location and arrangement are proposed. In general, when two linearly polarized antennas are located orthogonally to each other, they can provide polarization diversity by reducing the mutual coupling, so that high isolation and low ECC can be achieved between them. However, this technique does not work very well for handset antennas at lower frequencies such as the LTE 700 band (746∼787 MHz) because their ground sizes are usually much smaller than their wavelength ( 0 = 429 mm). Therefore, it is necessary to apply a novel technique for the LTE MIMO handset antenna design. The first step in the LTE MIMO antenna design is deciding the location of antenna elements. The top side of the ground plane is an attractive region for mobile handset applications because it is relatively easy to apply pattern diversity when the size of the ground plane is much smaller than the wavelength. The second step is deciding how to arrange antenna elements. In the near-field region, mutual coupling can be suppressed more effectively when the E-field directions of two antennas are arranged collinearly with each other, compared with the broadside arrangement of the E-field directions [10] . This proposed method is verified by four cases of antenna arrangementscase 1: perpendicular, case 2: broadside, and cases 3 and 4: collinear-as shown in Figure 2 . These are divided into the perpendicular, broadside, and collinear arrangements by the E-field distribution as shown in Figure 3 . Figure 4 shows that the perpendicular (case 1) and collinear arrangements (cases 3 and 4) give higher isolation (magnitude of 21 in dB) than that of the broadside arrangement (case 2). However, the collinearly arranged MIMO antenna in case 3 only gives the lowest ECC (<0.19), which is less than the recommended value [11] of 0.5, as shown in Table 1 . This is due to the MIMO antenna in case 3 achieving better pattern diversity in the farfield region than the MIMO antenna in case 1, where the two antennas are physically perpendicular to each other. The ECC shown in Table 1 is obtained by using the far-field radiation patterns [12] , as shown in (1), where the incident wave is assumed as a uniform environment ( ( , ) = 1):
where 1,2 ( , ) is the electric field pattern of antennas 1 and 2, respectively, and ( , ) is the incident field angular density function.
Main/MIMO Antenna Design and Measurement
Based on the simulation results to find the optimum location and arrangement of the LTE 700 band MIMO antenna, the main antenna covering the GSM850/900 bands (824∼ 960 MHz) and DCS/PCS bands (1.71∼1.99 GHz) and the MIMO antenna (case 3 in Figure 2 (c)) covering the LTE 700 band (746∼787 MHz) are designed and measured. Figure 5 shows the structure of the proposed main antenna and MIMO antenna. The compact main antenna mounted on a ground plane 60 × 110 × 1 mm 3 in size consists of the PIFA structure with a capacitively coupled feed [13] . Its overall dimensions are 60 × 5 × 6 mm 3 , and it is printed on a multilayer consisting of FR4 (thickness = 1 mm) and foam (thickness = 5 mm) substrates. Each LTE MIMO antenna (5 × 35 × 6 mm 3 ) is located on top sides of the ground plane with collinearly arranged E-fields in the near-field region. International Journal of Antennas and Propagation 5 narrow area, they operate almost independently. The measured isolation between the two MIMO antennas is higher than 15 dB, and this is generally acceptable for practical MIMO antenna applications in industry. Figure 7 shows the measured average gain and ECC. The proposed antenna has an average gain of more than −4.3 dBi in the LTE band and more than −3 dBi in the GSM850/900 and DCS/PCS bands. Moreover, the proposed LTE MIMO antenna shows a lower ECC (<0.35). Figure 8 shows the measured radiation patterns of two MIMO antennas in the LTE700 band (766 MHz). They have been measured with one antenna excited and the other terminated to a load with 50 Ω. The polarizations of the two antennas are orthogonal to each other. Since each MIMO antenna element (PIFA) has both the vertical E-field component (due to current on the radiating element) and the horizontal E-field component (due to current on the ground plane), the direction of the compositive E-field can be diagonal. In addition to this, since the horizontal E-field component of each MIMO antenna element is in opposite direction, the polarizations of the two antennas are diagonally orthogonal to each other, as shown in Figure 8 . Therefore, these orthogonal radiation patterns and high isolation (>15 dB) result in a lower ECC (<0.35) which is less than the recommended value of 0.5 [11] .
Conclusion
A compact (5 × 35 × 6 mm 3 ) handset MIMO antenna for LTE 700 band applications has been proposed and constructed with two symmetrical PIFAs. Closely packed MIMO antennas were designed, without any additional coupling structures to obtain good isolation. The proposed antenna achieves high isolation (>15 dB) and low ECC (<0.35) by collinearly arranging the E-fields of two antennas in the nearfield region and obtaining diagonally orthogonal radiation patterns.
